INTRODUCTION {#s1}
============

Raising dairy heifers from birth to the first parturition is an expensive cost to producers because of relatively low feed efficiency and absence of income until the onset of lactation ([@CIT0044]). Due to this, one of the priorities of dairy producers is to decrease the cost of production through strategies that optimize the growth of heifers without sacrificing productivity ([@CIT0038]). Moreover, the cost of energy and protein feeds especially corn and soybean meal can be expensive; because of this, the substitution of those ingredients for alternative feed sources is of great importance. The use of agroindustrial byproducts (AIBP) in cattle feeding has been investigated ([@CIT0001]), and AIBP represents a vast potential to reduce the cost associated with heifer production. Among various AIBP, wet brewer's grains (WBG), which are byproducts of the brewing industry, have gained popularity because of their high nutritional value, low cost, and availability in various regions of the country.

In terms of nutrition, the importance of WBG as a feed supplement may be attributed to its high protein content and low rumen solubility ([@CIT0022]). Wet brewer's grains are characterized by having approximately 28% crude protein (CP), 47.1% neutral detergent fiber (NDF), and 5.2% ether extract, as well as high moisture content of 75--80% \[[@CIT0031]\]. Compared to the energy content of ground corn (3.08 Mcal/kg of dry matter \[DM\]), WBG contains about 2.60 Mcal/kg DM ([@CIT0015]).

Wet brewer's grains have been successfully used in feedlot heifers ([@CIT0022]), and data indicated that feeding 15% to 45% WBG on a DM basis in feedlot diets supports performance and carcass characteristics similar to or greater than that in cattle fed a typical high-moisture corn finishing diet. Research with lactating cows indicated that supplementing cows with WBG (15% and 30% of the diet) resulted in greater milk yield, fat, and protein contents than cows supplemented with soybean meal ([@CIT0029]; [@CIT0013]). Similar results were observed when corn silage was substituted with WBG at 9% ([@CIT0009]). Greater milk yields and milk components are influenced by a better synchronization and presence of essential amino acids for milk synthesis, such as lysine and methionine that are high in WBG ([@CIT0013]). However, no research regarding the effect of feeding WBG to growing dairy heifers on their growth performance and nutrient utilization is available.

Another strategy to reduce the cost of raising dairy heifers is to use limit-feeding in which nutrient-dense diets are fed to meet but not to exceed nutrient requirements and reduce dry matter intake (DMI), and it has the potential to increase nutrient digestibility while maintaining growth performance ([@CIT0021]; [@CIT0044]). Therefore, the objective of this experiment was to evaluate the effect of feeding diets containing different amounts of WBG to replace corn- and soybean-based concentrates in a modified limit-fed heifer diet on the growth performance and apparent total tract nutrient digestibility of dairy heifers. The hypothesis was that WBG could partially or fully replace conventional concentrate feeds (corn based or soybean based) in dairy heifer's diets and provide similar growth performance and apparent total tract nutrient digestibility.

MATERIAL AND METHODS {#s2}
====================

Experimental Design {#s3}
-------------------

This experiment was reviewed and approved by the University of New Hampshire Animal Care and Use Committee (protocol \# 170603). Thirty yearling Holstein heifers with a mean age of 378 ± 27 d and BW of 357.8 ± 27.6 kg (mean ± SD) were blocked by birth date and randomly assigned to one of three treatments (*n* =10) in a randomized complete block design. Heifers entered the study when they were about 12 mo of age. There were 10 blocks of heifers and each block of heifers remained on the study for 12 wk. The experiment (for all 10 blocks of heifers) was completed in 10 mo from March 2018 to January 2019 because of the staggered starting time. Since WBG are readily consumed, treatments were fed immediately without any adaptation period.

Treatment diets were formulated on a DM basis: 1) a control (0% WBG), 2) a diet containing 10% WBG, and 3) a diet containing 20% WBG. Diets were formulated to be isonitrogenous (15% CP) and isocaloric \[2.27 Mcal metabolizable energy (ME)/kg of DM\] using the [@CIT0031] software to provide 0.9 kg/d of average daily gain (ADG). With the fact that WBG is high in protein content, and WBG is a potential fiber source, it was challenging to keep the ratio of grass silage:corn silage and the ratio of the roughage:concentrate constant across treatments. Therefore, as WBG was increased, grass silage, corn silage, and mineral mix were changed within the diets along with the corn and soybean meal-based energy and protein mixes ([Table 2](#T2){ref-type="table"}). The content of corn silage and grass silage in the diets varied by no more than 5% and the mineral mix varied by \<0.65%. This may have confounded some of the results. However, it was attempted to keep dietary nutrient content consistent across treatments.

Animal Care and Feeding {#s4}
-----------------------

Heifers were group-housed in a naturally ventilated free-stall barn bedded with mattresses. Because heifers did not enter the study at the same time, one pen (15.9 × 4.8 m) having the capacity to host 16 heifers was used. Heifers were fed once daily at 0900 hours using the Calan gate feeding system (American Calan Inc., Northwood, NH) in individual feed tubs to allow for feed intakes and refusals (if any). The feed was mixed and distributed using a motorized feeding vehicle (Data Ranger, American Calan Inc. Northwood, NH). Before feeding, orts (if any) were collected from individual feed tubs and recorded. Samples of the total mixed ration (TMR) for each treatment were taken every day and stored at −20 °C for future nutrient analysis. Rations were limit-fed to 2.35% of BW (DM basis) and adjusted or corrected for nutrient content every 2 wk after BW measurements or nutrient analysis of the feed ingredients.

Heifers had ad libitum access to water through automatic refilling water troughs. The health status of heifers was observed every day according to the routine management of the research center.

Animal Measurements {#s5}
-------------------

Every Tuesday before feeding, throughout the study, BW and skeletal measurements were recorded on weeks 0, 2, 4, 6, 8, 10, and 12, resulting in a total of seven measurements. Heifer measurements that were taken on week 0 (initial measurements) served as covariates in our statistical model. Skeletal measurements included body length (distance between the points of the shoulder and rump), hip height (length from the base of the rear feet to the hook bones), withers height (distance from the base of the front feet to the top of the withers), heart girth (circumference of the chest), paunch girth (circumference of the belly), hip width (distance between the points of hook bones), and body conditions score (BCS) based on the scale described by [@CIT0042] with 1 = emaciated and 5 = obese.

For BW, heifers were weighed on a platform scale (Cardinal, Northeast Scale Co. Inc., Hooksett, NH). Hip and withers heights were measured using a sliding height stick with a bubble level. Heart and paunch girth, as well as body length, were measured using a weight tape (Coburn Co, Inc., Whitewater, WI).

Feed and Fecal Samples Analysis {#s6}
-------------------------------

Frozen samples of the TMR and orts (orts were rare and only occurred during times of elevated environmental temperatures) were thawed and samples from four consecutive weeks were composited on an as-fed basis for each treatment as a monthly composite. Composites of samples were then dried in duplicate for 48 h in a forced-air oven (Binder, Bohemia, NY) to dry at 55 °C and ground through a 1-mm screen Wiley mill (model 3, Arthur H. Thomas, Philadelphia, PA). All samples were sent to a commercial laboratory (Rock River Laboratory Inc., Watertown, WI) for nutrient analysis. Samples were analyzed for NDF (method 6 in an Ankom Fiber Analyzer A2000 with α-amylase and Sodium sulfite, Ankom Technology; solutions as in [@CIT0040]), acid detergent fiber (ADF) (method 5 in an Ankom Fiber Analyzer A2000, Ankom Technology, Fairpoint, NY; method 973.18; [@CIT0004]). Hemicellulose was calculated as NDF% − ADF%. Nitrogen was analyzed via Dumas combustion ([@CIT0005]; method 968.06) on a Rapid N cube (Elementar Analysensystem, GmbH, Hanau Germany). Nitrogen was then multiplied by 6.25 to calculate the CP. Starch concentration was analyzed using a modified method of glucose analysis ([@CIT0007]) completed on a YSI 2700 select Biochemistry Analyzer (YSI Biochemistry analyzer, YSI Inc., Yellow Spring, OH) and fat was analyzed with ether extraction technique (method 2003.05; [@CIT0006]). Ash content was determined by incinerating 1 g of sample for 8 h at 450 °C in a muffle furnace ([@CIT0005]; method 942.05). Organic matter (OM) was calculated as OM = 100 − % ash. Mineral composition analysis included Ca, P, Mg, K, Na ([@CIT0004]; method 985.01), and S ([@CIT0004]; method 923.01).

Digestibility Measurements {#s7}
--------------------------

Acid detergent insoluble ash (ADIA) was used as an internal digesta marker to estimate 24-h fecal excretion, and total tract nutrient digestibility was determined by calculations. Feeds, orts (if any) and feces were analyzed for ADF using the filter bag technique (method 5, Ankom Technology) followed by determination of acid-insoluble ash according to [@CIT0039]. The equation used to estimate apparent nutrient digestibility was:
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Each of the 30 heifers underwent the digestibility phase from day 77 of study until day 84 of the study. Total mixed ration samples were collected on days 77--81. Individual orts (if any) were collected on days 78--82. Fecal samples were collected on days 80--84. Orts and TMR samples were then composited over the sampling days. Rectal fecal grab samples (\~200 g/sample) were collected via gloved hand by collecting directly from the rectum for the last 4 d every 12 h to represent a 24-h period (day 80: 0900 and 2100 hours; day 81: 1200 and 0000 hours; day 82: 1500 and 0300 hours; day 83: 1800 through 0600 hours of day 84.

Fecal samples collected from day 80 to day 84 were combined to obtain a single composite and were frozen at −20 °C. Fecal samples were then thawed at room temperature and emptied into aluminum trays to be dried in a forced-air convection oven (Binder, Bohemia, NY) at 55 °C for at least 96 h until completely dried. The dried TMR, orts, and fecal samples were ground through a 1-mm screen using a Wiley mill (model 3, Arthur H. Thomas, Philadelphia, PA). Ground samples were sent to Rock River Laboratory (Watertown, WI) for nutrient analysis. Fecal samples were analyzed for CP, ADF, NDF, fat, OM, starch, ash, and ADIA as previously described for feed samples. Neutral detergent fiber intake (NDFI) and NDF/BW, forage NDF intake, and forage NDF/BW were determined during the digestibility phase (week 12) to determine if there were differences due to varying amounts of NDF in the diets.

Statistical Analysis {#s8}
--------------------

Initial BW and skeletal measurements served as covariates for their respective variables of interest. Growth characteristics (BW, body length, hip and withers height, heart and paunch girth, hip width, and BCS) were analyzed as randomized complete block design with week as repeated measure and heifer (block) as subject using the Mixed procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). The model included block, treatment, week, and treatment × week interaction according to the following model:
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where Y~ijkl~ = the dependent variable; µ = the overall mean; B~*i*~ = the random effect of block *i* (*i* = 1, . . ., 10); T~*k*~ = the fixed effect of the *k*th treatment (*k* = 0%, 10%, and 20% WBG); W~*l*~ = the fixed effect of the *l*th week of the study (*l* = 2, 4, 6, 8, 10, and 12); T~Wkl~ = the fixed effect of interaction between the *k*th inclusion rate of WBG and the *l*th week; X~ijk~ = the covariate measurement; and the E~ijkl~ = the residual error. Compound symmetry, unstructured, first-order autoregressive, variance components, and Toeplitz covariance structures were determined and the structure with the lowest Bayesian information criterion was chosen. Degrees of freedom were calculated using the Kenward--Roger approximation option of the Mixed procedure. Single degree of freedom contrasts for linear and quadratic effects were determined. If the covariate analysis resulted in a probability \>0.25, the covariate was removed from the model. Dry matter intake, ADG, and gain-to-feed ratio were analyzed similarly but without using any covariate.

Initial and final BW, hip and withers heights, heart and paunch girth, hip width, and BCS were analyzed as randomized complete block design using the Mixed procedure of SAS 9.4 (SAS Institute Inc.) according to the following model:
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where Y~ijk~ = the dependent variable; µ = the overall mean; B~*i*~ = the random effect of block *i* (*i* = 1, . . ., 10); T~*j*~ = the fixed effect of the *j*th inclusion rate of WBG (0%, 10%, and 20%); X~ij~ = the covariate measurement; and E~ijk~ = the residual error.

Changes over time for the growth parameters were calculated for the 2-wk intervals and averages analyzed using repeated measures in the Mixed procedure of SAS. The gain-to-feed ratio was calculated as the ratio of ADG to DMI for each treatment. Apparent total tract digestibility data was analyzed using the Mixed procedure of SAS 9.4 (SAS Institute, Inc.) according to the following model:
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where Y~ijk~ = the dependent variable; µ = the overall mean; B~*i*~ = the random effect of block *i* (*i* = 1, . . ., 10); T~*j*~ = the fixed effect of the *j*th inclusion rate of WBG (0%, 10%, and 20% WBG); and E~ijk~ = the residual error.

For all variables, the least-square means for each treatment were reported. Significant treatment and interaction effects were declared at *P* ≤ 0.05 and a tendency was declared at 0.05 \< *P* ≤ 0.10.

RESULTS AND DISCUSSION {#s9}
======================

Feed Nutrients and Diet Composition {#s10}
-----------------------------------

The average nutrient composition of major feed ingredients used in this study is presented in [Table 1](#T1){ref-type="table"}. Because of different entrance dates of different groups of heifers (10 blocks in total), the whole experiment that included all 30 heifers was completed in a period of 10 mo, and every block of three heifers stayed in the experiment for 12 wk. Therefore, the nutrient composition of feed ingredients is shown with SDs, indicating feed ingredient nutrient variation throughout the experiment.

###### 

Average nutrient composition of major ingredients used in the experiment

  Item, % DM           Grass silage^*a*^   Corn silage   WBG          Energy mix^*b*^   Protein mix^*c*^
  -------------------- ------------------- ------------- ------------ ----------------- ------------------
  DM                   30.1 ± 3.5          31.9 ± 2.9    24.9 ± 2     87.9              88.5
  CP                   13.6 ± 2.7          7.4 ± 0.6     31.8 ± 0.3   7.8               53.2
  NDF                  58.9 ± 5.9          41.2 ± 3.4    46.3 ± 1.2   21.8              14.8
  ADF                  38.6 ± 3.7          24.8 ± 2      21 ± 0.03    12.5              9.3
  Lignin               5.7 ± 0.6           3.1 ± 0.3     --           --                --
  Starch               1.1 ± 0.3           32.1 ± 3      2.1 ± 0.04   --                6.4
  NE~m~ (Mcal/kg DM)   1.4 ± 0.1           1.68 ± 0.06   1.75 ± 0.1   1.2               --
  NE~g~ Mcal/kg DM)    0.76 ± 0.13         1.06 ± 0.05   1.12 ± 0.1   1.8               --
  Fat                  4.2 ± 0.5           3.0 ± 0.2     7.2 ± 0.05   3.5               2.6
  Ash                  8.4 ± 0.9           3.4 ± 0.4     4.7 ± 0.03   3.0               --
  Ca                   0.68 ± 0.06         0.19 ± 0.2    0.21 ± 0     0.40              0.55
  P                    0.43 ± 0.18         0.22 ± 0.01   0.63 ± 0     0.22              0.83
  K                    2.6 ± 0.12          0.9 ± 0.4     0.07 ± 0     0.58              2.12
  Mg                   0.1 ± 0.02          0.1 ± 0.02    0.19 ± 0     0.16              0.40
  S                    0.2 ± 0.02          0.1 ± 0.0     0.32 ± 0     0.17              0.48

NE~m~ = Net energy of maintenance; Ne~g~ = Net energy of gain.

^*a*^Grass silage was primarily comprised of Orchard grass and Timothy.

^*b*^Contained 5% pellet mill molasses; 45.79% fine corn meal; 15.2% steam-flaked corn; and 33.99% whole beet pulp. Delivered in large batches and no variations in nutrient content.

^*c*^Contained 7.28% distillers; 69.14% soybean meal; 21.83% canola; and 1.75% urea.

The ingredient and nutrient composition of experimental diets is listed in [Table 2](#T2){ref-type="table"}. The dietary roughage content (grass silage and corn silage) was 80.7%, 78.79%, and 74.05% for diet 0%, 10%, and 20% WBG, respectively. The 20% WBG diet had a lower roughage content due to increased levels of WBG in diets. The contribution of WBG as a fiber source is not negligible ([@CIT0014]), which is why reducing the amount of roughage concentration has been considered with increasing levels of WBG in diets. The fact that WBG has high moisture and high protein content, as well as a high digestible fiber content makes it hard to make a balanced diet, especially with high-fiber diets, in which large amounts of WBG need to be consumed to provide adequate nutrients ([@CIT0018]). Hence, our diets exhibited changes in forage to concentrate ratio to provide similar nutrient content across treatments. The ratio of grass silage:corn silage was 1.58, 1.87, and 1.82 for 0%, 10%, and 20% WBG diet, respectively, which made NDF intake less for heifers fed 0% WBG and forage NDF intake less for heifers fed 20% WBG.

###### 

Ingredient and nutrient composition (% DM) of experimental diets containing 0%, 10%, or 20% WBG limit-fed to yearling heifers

                                    Treatments^*a*^                 
  --------------------------------- ----------------- ------------- -------------
  Ingredient composition, % of DM                                   
  Energy mix^*b*^                   2.17              0.00          0.00
  WBG                               0.00              10.00         20.00
  Protein mix^*c*^                  11.82             5.51          0.00
  Grass silage                      49.44             51.36         47.84
  Corn silage                       31.26             27.43         26.21
  Mineral mix^*d*^                  5.32              5.69          5.95
  Nutrient composition, % DM                                        
  DM                                36.7 ± 2.2        34.3 ± 2.1    31.2 ± 1.1
  OM                                88.1 ± 0.2        88.8 ± 0.1    88.9 ± 0.1
  CP                                14.6 ± 0.2        15.2 ± 0.2    15.9 ± 0.3
  aNDF                              48.3 ± 0.3        51.2 ± 0.4    49.2 ± 0.2
  ADF                               29.7 ± 0.8        30.9 ± 0.6    29.6 ± 0.8
  Fat^*e*^                          3.0 ± 0.0         3.2 ± 0.3     3.6 ± 0.0
  Starch                            13.6 ± 0.0        12.1 ± 0.5    10.7 ± 0.3
  NFC^*f*^                          30.5 ± 0.6        27.0 ± 0.4    26.9 ± 0.1
  ME^*g*^, Mcal/kg DM               2.29 ± 0.3        2.29 ± 0.3    2.29 ± 0.4
  Ash                               11.8 ± 0.1        11.2 ± 0.1    11.1 ± 0.1
  Ca                                1.09 ± 0.00       1.01 ± 0.05   1.09 ± 0.02
  P                                 0.78 ± 0.01       0.74 ± 0.00   0.80 ± 0.00
  K                                 1.86 ± 0.05       1.69 ± 0.03   1.46 ± 0.01
  Mg                                0.37 ± 0.00       0.35 ± 0.00   0.35 ± 0.00
  Cl                                1.26 ± 0.00       1.13 ± 0.00   1.19 ± 0.00
  S                                 0.32 ± 0.00       0.30 ± 0.00   0.33 ± 0.00

aNDF, α-amylase NDF.

^*a*^Formulated according to the [@CIT0031].

^*b*^Contained 5% pellet mill molasses; 45.79% fine corn meal; 15.2% steam-flaked corn; and 33.99% whole beet pulp.

^*c*^Contained 7.28% distillers; 69.14% soybean meal; 21.83% canola; and 1.75% urea.

^*d*^Contained 19.05% Ca; 6.01 % P; 3.51% Mg; 20.00% Salt; 7.80% Na; 0. 26 % Fe; 0.26% Zn; 0.26 % Mn; 12.30% Cl; 602 mg/kg Cu; 15.0 mg/kg Co; 25.09 mg/kg Se; and 15.00 mg/kg I; 267,800 IU/kg vitamin A; 111,071 IU/kg vitamin D; and 2,207 IU/kg vitamin E.

^*e*^Ether extract.

^*f*^% non-fiber carbohydrate (NFC) = 100 − \[CP% + (NDF% − neutral detergent insoluble CP%) + fat% + ash%\].

^*g*^ME calculated using [@CIT0031].

Energy mix was removed in the 10% and 20% WBG diet, while the protein mix was decreased by 46.6% in the 10% WBG and removed in the 20% WBG to keep protein and energy levels balanced across treatments ([Table 2](#T2){ref-type="table"}). The DM content of diets decreased as the inclusion of WBG increased due to the high moisture content of WBG. On average, our diets provided 2.29 ME Mcal/kg DM, which was similar to the targeted energy intake of 2.27 ME Mcal/kg DM.

Dietary OM was similar across treatments, while CP content was slightly lower (14.6% CP) than the target of 15% CP for the 0% WBG treatment. Crude protein content in 10% WBG diet was on target, while CP content was slightly greater (15.9% CP) in the 20% WBG diet. Wet brewer's grains varied in the DM and nutrient content throughout the study as it was purchased in different batches. The variation in the nutrient content of WBG suggests a constant nutrient analysis for better inclusion in diets because grain varieties and brewing processes have an important influence on nutrient composition of WBG ([@CIT0035]; [@CIT0030]). Moreover, small batches of WBG were used in this study to avoid nutrient losses observed when large batches of WBG are delivered and spoiled by yeast and mold, especially when they are not preserved with commercial preservatives ([@CIT0027]), commercial preservative or salt ([@CIT0017]), microbial inoculants ([@CIT0025]; [@CIT0037]), or ensiling ([@CIT0032]). The high moisture content of WBG is the main limitation for long period storage and utilization in livestock feeding ([@CIT0041]).

Average NDF and ADF were consistent in all diets, while starch and NFC were greater in the control diet (0% WBG) because of energy mix inclusion. Fat content was slightly greater in the 20% WBG diet due to the amount of WBG used in the diet and the high-fat content of WBG (7.2% fat). Variation in the nutrient composition of the rations over time was observed; however, rations provided adequate nutrients to heifers and were comparable to typical diets fed to growing heifers. Phosphorous concentrations were elevated in diets due to the feeding rate of the mineral mix (limit-fed heifer diet) and a greater concentration of P in the WBG.

Heifer Growth Performance {#s11}
-------------------------

Results for BW, DMI, ADG, and feed efficiency (gain:feed) are presented in [Table 3](#T3){ref-type="table"}. Treatment effect and treatment × week interactions were not found for those parameters. The initial BW of heifers and the average and final BW were not different among treatments. No treatment × week interaction was found for BW, which means that heifers consumed similar amounts of nutrients leading to similar growth rates. Overall, heifers fed the control diet 0%, 10%, and 20% WBG increased their BW by 22.5%, 24.7, and 24.4%, respectively.

###### 

DMIs, BW, and gain-to-feed for dairy heifers limit-fed diets containing 0%, 10%, or 20% WBG

                        Treatment (WBG %)                  *P-values*                                           
  --------------------- ------------------- -------------- -------------- ------- ------ -------- ------ ------ ------
  Age (day ± SD)^*a*^   362.2 ± 22.8        372.0 ± 29.2   365.1 ± 24.1                                         
  BW, kg                                                                                                        
   Mean                 404.4               411.5          409.3          3.77    0.41   \<0.01   0.19   0.38   0.32
   Initial              359.4               357.4          352.2          5.4     0.64                          
   Final                440.2               445.7          438.2          5.2     0.58                   0.80   0.31
  DMI, kg               8.8                 9.0            8.6            0.14    0.22   \<0.01   0.69   0.47   0.12
  ADG                   1.03                1.04           0.96           0.06    0.59   \<0.01   0.22   0.40   0.53
  Gain:feed             0.12                0.12           0.11           0.006   0.79   \<0.01   0.14   0.56   0.81

^*a*^Initial age at the start of the study

Dry matter intakes were similar among treatments (*P* = 0.22) and a treatment × week interaction was not observed. However, DMI increased over time because heifers were limit-fed based on a percentage of BW. Similar DMI were reported by [@CIT0019], when feeding up to 25% dried brewer's grains to lactating cows. However, [@CIT0012] observed a decrease in DMI when 30% to 40% of WBG were fed to lactating dairy cows. In contrast to our results, [@CIT0022] observed greater DMI and ADG in beef heifers fed 15% and 30% WBG than beef heifers fed the control and 45% WBG.

Average daily gains of heifers (1.03, 1.04, and 0.96 kg/d for heifers fed 0%, 10%, and 20% WBG diets, respectively) were slightly greater than the targeted gain of 0.90 kg/d. However, ADG and feed efficiency were similar among treatments and decreased over time as nutrient requirements for maintenance increased with BW ([@CIT0003]). Dietary energy intake was on average 2.29 Mcal/kg DM, which was close to the target of 2.27 Mcal/kg DM, and heifers had greater ADG than recommended, and we think that the [@CIT0031] model we used to formulate diets may have overestimated the energy requirements of growing heifers or underestimated the energy provided by feed ingredients. Similar results were reported by [@CIT0002], [@CIT0003]) and [@CIT0026] who limit-fed diets containing distiller's grains with different forage to concentrate ratios to growing dairy heifers. Our diets provided greater energy than expected, which would have probably caused greater ADG than was expected. Regardless of feeding strategy, [@CIT0045] recommend dairy heifers to be fed energy to allow the ADG of 0.8 to 0.9 kg/d.

Skeletal measurements and BCS are presented in [Table 4](#T4){ref-type="table"}. Similar to BW results, heifers' skeletal measurements were not different among treatments and increased throughout the study. No difference was observed in change per day for the skeletal measurements except for hip width change that had a treatment × week effect (*P* = 0.03). This effect was not expected as there were no treatment or treatment × week effects on overall mean hip width. These findings suggest that the heifers were consuming adequate amounts of nutrients to promote growth throughout the study. Initial withers height and BCS were different (*P* = 0.02 and *P* = 0.01 respectively), heifers with the greatest wither's height being on the 10% WBG treatment. Initial paunch girth tended to be different (*P* = 0.10), and heifers fed the 20% WBG had the least paunch girth. However, there were no differences in final skeletal measurements indicating similar growth performance among treatments. Body weight gain per centimeter of hip height gain (kg/cm/d) was calculated to check if heifers were growing or fattening and those ratios were similar among treatments. No treatment or treatment × week effect was observed on BW gain per centimeter of hip height gain.

###### 

Skeletal measurements for dairy heifers limit-fed diets containing 0%, 10%, or 20% WBG^*a*^

                       Treatments (WBG %)   *P*-value                                                       
  -------------------- -------------------- ----------- ------- ------- ------------ -------- ------ ------ ------
  Withers height                                                                                            
   Mean, cm            137.4                137.1       136.8   0.36    0.40         \<0.01   0.37   0.18   0.92
   Initial             132.3                135.1       131.4   1.3     0.02                         0.51   0.01
   Final               140.0                139.6       139.6   0.49    0.72                         0.48   0.76
   Change^*d*^, cm/d   0.09                 0.08        0.08    0.01    0.16         0.15     0.87   0.25   0.42
  Hip height                                                                                                
   Mean, cm            140.2                140.6       140.4   0.34    0.75         \<0.01   0.54   0.66   0.55
   Initial             137.3                137.4       136.4   0.64    0.47                         0.32   0.47
   Final               142.6                143.2       142.6   0.49    0.56                         0.98   0.29
   Change^*d*^, cm/d   0.06                 0.07        0.06    0.007   0.62         0.97     0.58   0.96   0.33
  Body length                                                                                               
   Mean, cm            127.2                126.7       128.1   0.66    0.34         \<0.01   0.68   0.34   0.26
   Initial             122.9                123.0       120.8   0.98    0.20                         0.13   0.33
   Final               133.1                131.3       131.3   1.17    0.44                         0.28   0.53
   Change^*d*^, cm/d   0.14                 0.10        0.14    0.03    0.5          0.1      0.77   0.94   0.25
  Heart girth                                                                                               
   Mean, cm            174.7                173.9       174.2   0.82    0.78         \<0.01   0.41   0.66   0.59
   Initial             167.2                168.8       165.5   1.40    0.27                         0.40   0.17
   Final               181.1                179.1       179.3   1.23    0.45                         0.30   0.50
   Change^*d*^, cm/d   0.22                 0.14        0.13    0.02    0.01         0.47     0.46   0.01   0.19
  Paunch girth                                                                                              
   Mean, cm            205.4                205.0       207.5   1.30    0.36         \<0.01   0.85   0.26   0.34
   Initial             197.8                198.0       192.8   0.91    **\<**0.10                   0.07   0.26
   Final               211.5                209.6       212.3   1.9     0.61                         0.60   0.26
   Change^*d*^, cm/d   0.18                 0.22        0.18    0.04    0.73         0.17     0.25   0.85   0.44
  Hip width                                                                                                 
   Mean, cm            47.5                 47.8        47.7    0.17    0.31         \<0.01   0.14   0.44   0.18
   Initial             46.5                 46.3        46.1    0.26    0.42                         0.19   0.95
   Final               48.4                 48.9        48.3    0.26    0.26                         0.78   0.11
   Change^*d*^, cm/d   0.02                 0.03        0.02    0.003   0.23         0.62     0.03   --     --
  BCS                                                                                                       
   Mean, cm            3.6                  3.6         3.6     0.04    0.9          \<0.01   0.61   0.70   0.88
   Initial             3.5                  3.4         3.4     0.04    \<0.01                       0.16   0.01
   Final               3.7                  3.8         3.6     0.07    0.32                         0.52   0.23

^*a*^WBG = a byproduct of the beer brewing industry.

^*b*^L = Linear effect.

^*c*^Q = Quadratic effect.

^*d*^Calculated based on change per 2-wk interval.

On average, heifers grew approximately 9.7 cm in body length, 6.8 cm withers height, and 5.8 cm in hip height throughout the experiment. Body condition scores slightly increased for all heifers but were similar across treatments. The similarity of frame growth agrees with findings from other research on limit-feeding when heifers have similar energy intakes([@CIT0043]).

Dry Matter Intakes and Total Tract Nutrient Digestibility as Measured During Week 12 {#s12}
------------------------------------------------------------------------------------

The DMI, NDFI, and forage NDFI, as well as DMI as a percentage of BW, NDFI as a percentage of BW, and forage NDF as a percentage of BW, and the total tract nutrient digestibility of diets measured during week 12 are presented in [Table 5](#T5){ref-type="table"}.

###### 

DMI and apparent total tract nutrient digestibility of nutrients for heifers limit-fed diet containing 0%, 10%, or 20% WBG during week 12

                           Treatment (WBG)   *P*-value                                   
  ------------------------ ----------------- ----------- ------ ------ -------- -------- -------
  DMI^*c*^, kg/d           9.57              10.0        9.23   0.2    0.08     0.28     0.04
  NDFI, kg/d               4.32              4.83        4.57   0.01   0.01     0.1      0.01
  Forage NDFI, kg/d        4.15              4.27        3.72   0.09   \<0.01   0.001    0.01
  DMI, % BW                2.12              2.20        2.15   0.05   0.21     0.76     0.24
  NDFI, % BW               0.98              1.07        1.05   0.02   0.01     0.03     0.03
  Forage NDFI, % BW        0.94              0.95        0.85   0.01   \<0.01   \<0.01   0.02
   DM^*d*^, %              53.6              44.8        51.2   2.3    0.04     0.46     0.01
   OM^*e*^, %              57.9              49.7        55.2   2.1    0.04     0.36     0.01
   CP^*f*^, %              45.3              39.5        50.1   2.9    0.06     0.25     0.03
   NDF^*g*^, %             47.0              40.7        45.2   2.5    0.22     0.62     0.09
   ADF^*h*^, %             37.4              30.9        35.7   3.1    0.29     0.70     0.13
   Fat^*i*^, %             66.8              65.6        72.3   2.2    0.06     0.05     0.15
   Starch^*j*^, %          98.5              98.2        98.7   0.2    0.28     0.47     0.15
   Hemicellulose^*k*^, %   58.2              50.8        55.9   1.7    0.01     0.36     0.007

^*a*^L = Linear effect.

^*b*^Q = Quadratic effect.

^*c*^DMI (kg/d) during the digestibility portion of the experiment.

^*d*^Dry matter digestibility.

^*e*^Organic matter digestibility.

^*f*^Crude protein digestibility.

^*g*^Neutral detergent fiber digestibility.

^*h*^Acid detergent fiber digestibility.

^*i*^Fat digestibility.

^*j*^Starch digestibility.

^*k*^Hemicellulose digestibility.

Dry matter intake tended to be different among treatments (*P* = 0.08) and had a quadratic response (*P* = 0.04) with less DMI in heifers fed the 20% WBG diet due probably to a greater moisture content of WBG. Regardless of small particle size, [@CIT0014] found that WBG could also be an effective forage NDF source, which could have contributed to more gut fill in heifers fed 20% WBG. From these results, feeding more than 20% WBG in the diet of growing heifers would likely decrease DMI. Moreover, [@CIT0036] found that the moisture content of WBG can affect the level of intake in cattle, particularly when it is fed in combination with silages. The lower DMI observed in heifers fed 20% WBG may be a response to gut fill and distension caused by the structural volume of WBG water held within the cell wall ([@CIT0008]). However, DMI as a percentage of BW was similar across treatments.

Total NDF intake was greater for heifers fed 10% and 20% WBG (*P* \< 0.01) and had a quadratic response (*P* \< 0.01) than heifers fed 0% WBG. Forage NDF intake as provided by grass silage and corn silage was different among treatments (*P* \< 0.01) with a linear and quadratic effect (*P* \< 0.01 and *P* = 0.01, respectively) and was less for heifers fed 20% WBG. This was expected due to the increased amount of WBG in the diet. According to [@CIT0018], the effective fiber of WBG is useful in dairy rations as it is utilized to replace some portion of the forage in the rations. Because most of the starch has been fermented away, WBG can be considered as a moderate source of fiber.

Neutral detergent fiber intake as a percentage of BW was different among treatments (*P* = 0.01) and was less in heifers fed the control diet (0% WBG). According to [@CIT0020], dairy heifers consume a near-constant 1.0% of BW as NDF, which agrees with our results ([Table 5](#T5){ref-type="table"}). Neutral detergent fiber intakes conform to gut fill theories of intake regulation according to [@CIT0028] who suggests that gut fill regulation of NDFI occurs in lactating dairy cows at 1.2% of BW when fed diets containing \>30% NDF. [@CIT0028] fed diets containing 36.1% to 49% NDF (greater than NDF in diets typically fed to lactating cows) to heifers and found that NDF gut fill regulation occurred near 1% of BW.

The digestibility of DM and OM was different among treatments (*P* = 0.04 and *P* = 0.04, respectively) and had a quadratic response (*P* = 0.01 and *P* = 0.01). Greater DM and OM digestibility were observed in heifers fed the 10% WBG diet. Crude protein digestibility tended to be different among treatments (*P* = 0.06) and had a quadratic effect (*P* = 0.1) and was greater in heifers fed the 0% WBG and the 20% WBG diet compared to heifers fed 10% WBG diet (*P* \< 0.03). Neutral detergent fiber and ADF digestibility were similar among treatment.

According to [@CIT0011], the rate at which digesta moves through the gastrointestinal tract, the rate of fermentation of the feed, and the amount of DM consumed are the major factors that determine how much of the nutrient will be digested, absorbed, and utilized in the animal. Alteration of one of those factors generally changes the other two. The lower DM digestibility observed in heifers limit-fed diets with 10% WBG would likely be attributed to greater forage NDF content in the diet ([@CIT0034]). Including WBG in heifers' diets increased fiber content because WBG is a good source of forage NDF despite its small particle size ([@CIT0014]). Greater NDF content in the diet causes a slower passage rate and increased retention time in the rumen, which may allow microbial growth and more nutrient absorption ([@CIT0034]). This may explain the similar growth performance of heifers fed 10% WBG despite less nutrient digestibility observed in this group.

Results of DM digestibility of diets from this study were lower (53.6%, 44.8%, and 51.2% for the 0%, 10%, and 20% WBG, respectively) compared to 77% DM digestibility when WBG was included up to 15% in diets composed of corn silage, ryegrass silage, and concentrated feed, which were provided to Holstein cows ([@CIT0016]). Greater CP digestibility in the 20% WBG diet may have been influenced by higher rumen undegradable protein (RUP) content of WBG. According to [@CIT0010], approximately 50% of the protein found in WBG is RUP.

Digestibilities of NDF, ADF, and starch were similar among treatments. Fat digestibility tended to be different among treatment (*P* = 0.06) and increased linearly (*P* = 0.05) with increasing levels of WBG in diets. Fat digestibility was greater in heifers fed the 20% WBG. Fat from WBG is bound to feed particles and slowly introduced to the rumen and has fewer negative effects compared with other dietary fat sources. Hemicellulose digestibility was different among treatments (*P* \< 0.01) and was greater in heifers fed the 0% WBG and the 20% WBG diets compared to heifers fed the 10% WBG diet. Overall, the digestibility of DM, OM, CP, fat, and hemicellulose was less in heifers fed 10% WBG probably because of greater roughage: concentrate ratio leading to greater NDF and forage NDF intake.

From an economic standpoint, the cost of concentrate feeds used in our study, mainly energy mix and protein mix was estimated at \$252/metric ton and \$387/metric ton respectively (Poulin Grain, Inc., Newport, VT), while the cost of WBG was \$190/metric ton on an as-dry basis. Nationwide, the price for corn was \$147.5 per metric ton, while soybean price was \$333.5 per metric ton ([@CIT0023], [@CIT0024]). Based on all feed ingredient prices, the cost of our treatment diets was on average \$0.26, \$0.22, and \$0.20/kg of DM for 0%, 10%, and 20% WGB diet, respectively. Considering the ADG of heifers fed different amounts of WBG in diets, the feed cost per kilogram of ADG was \$2.21, \$1.90, and \$1.79 for heifers fed 0%, 10%, and 20% WBG diet, respectively. Hence, feeding diets containing 20% WBG to dairy heifers would be more economical than feeding diets supplemented with conventional concentrates.

CONCLUSIONS {#s13}
===========

In agreement with our hypothesis, dairy heifers performed equally when limit-fed diets containing different levels of WBG. However, we suggest not to feed more than 20% WBG in diets of dairy heifers as we observed a decreasing tendency in the performance of heifers fed a greater amount of WBG. Body weight and frame growth were similar among treatments but ADG was slightly greater than the target. Nutrient digestibilities were mostly greater for heifers fed the 0% and 20% WBG diet suggesting that grass silage and WBG used could have influenced the overall digestibility as they contributed to greater NDF content in the 10% WBG. This research indicates that including WBG at a rate of 20% DM in heifer's diets may be more economical, and WBG can replace soybean- and corn-based concentrates without compromising heifer's growth performance.
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